Wettability transparency and the quasiuniversal relationship between hydrodynamic slip and contact angle The universality of the scaling laws that correlate the hydrodynamic slip length and static contact angle was investigated by introducing the concept of the wettability transparency of graphenecoated surfaces. Equilibrium molecular dynamics simulations of droplet wettability for Si(111), Si(100), and graphene-coated silicon surfaces were performed to determine the conditions required to obtain similar contact angles between bare and graphene-coated surfaces (wettability transparency). The hydrodynamic slip length was determined by means of equilibrium calculations for silicon and graphene-coated silicon nanochannels. The results indicate that the slip-wettability scaling laws can be used to describe the slip behavior of the bare silicon nanochannels in general terms; however, clear departures from a general universal description were observed for hydrophobic conditions. In addition, a significant difference in the hydrodynamic slippage was observed under wettability transparency conditions. Alternatively, the hydrodynamic boundary condition for silicon and graphene-coated silicon nanochannels was more accurately predicted by observing the density depletion length, posing this parameter as a better alternative than the contact angle to correlate with the slip length. V C 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4942400]
The solutions obtained for the Navier-Stokes equations bounded by the no-slip condition represent a fundamental basis for classical fluid dynamics and also serve as a foundation upon which other fundamental transport phenomena can be described. While the Navier-Stokes equations are derived from a physically sound model, the no-slip boundary condition is an empirical assumption not supported by any physical principles.
1 The early work of Navier, 2 first defined the slip boundary condition as
where u s is the slip velocity, @u=@z is the velocity gradient evaluated at the solid-liquid interface z 0 , and L s is the slip length (distance required to reach the no-slip condition after a linear extrapolation of the velocity profile). The no-slip boundary condition is typically observed in macroscale flows; however, slip conditions have been reported, both experimentally [3] [4] [5] and numerically [6] [7] [8] [9] for flow of nanoconfined liquids. A majority of the numerical investigations of nanochannels hydrodynamics have been focused on the determination of the nature of the boundary condition as indicated in Eq. (1), but other higher order formulations have also been reported. 9 The shear rate (for shear-driven flows) or driving force (for force-driven flows), confinement size, roughness, and wettability of the nanochannels walls are all among the primary parameters affecting the nature of the boundary condition (L s ). Different responses of L s to an increasing magnitude of the driving mechanism, such as unbounded growth, 10, 11 bounded growth, 12 and decaying, 13 have all been reported. Far from reflecting the physics of the systems, these different observations have been explained in terms of the modeling of the solid dynamics and fluid thermostating. 14, 15 Changes are expected in the fluids properties as the size of the systems decrease due to the enhancement of the surface effects and a simple scale analysis indicates that water can maintain its bulk density down to 1 nm. 16 It has also been numerically demonstrated that water exhibits bulk flow behavior through carbon nanotubes as small as 1.4 nm in diameter. 17 Other investigations also indicate that L s tends to remain unaffected in confinement sizes above ten molecular diameters. 18, 19 In the current investigation, size and shear rate affects were eliminated by using equilibrium calculations of the hydrodynamic slip (compared to nonequilibrium low-shear rate simulations) in nanochannels large enough to avoid the size-affected properties.
Previous investigations have indicated that the wettability of the nanochannels walls (solid-liquid affinity) can be correlated with the hydrodynamic slippage. A quasiuniversal relationship L s $ ð1 þ cos hÞ À2 , where h is the contact angle, was derived by Huang et al. 20 Additionally, they found that L s scaled with the interfacial liquid structure as L s $ d 4 , where d is the liquid density depletion length. Sendner et al. 21 proposed the scaling law, L s $ ð180 À hÞ À2 , suggesting that it was more physically sound than the previous relationship due to a better interpretation of the limit h ! 180 in a wettability model. No noticeable difference was observed between the contact angle scaling laws when compared to the numerical calculations of L s . 21 The slipwettability scaling laws were derived from a scaling analysis performed on a simple wettability model. The contact angle was found to be linearly correlated with the energy parameter () of the Lennard-Jones potential used to describe the non-bonded solid-liquid interactions. However, it has been reported that not only the energy parameter but also the length parameter (r) of the non-bonded interaction potential affect h and L s as obtained from MD simulations in an opposite manner. 11 The universality of the slip-wettability scaling laws can be evaluated by introducing the wettability transparency of graphene coated substrates. 22 By calculating L s on two surfaces having the same contact angle, where one is coated with graphene, the robustness of these quasiuniversal relationships can be assessed. In the current investigation, equilibrium molecular dynamics (EMD) simulations were used to determine the contact angle on two silicon surfaces, Si(111) and Si(100), and the graphene-coated version of these surfaces wetted by water. The equilibrium theory of Huang and Szlufarska 23 was used to calculate the solid-liquid friction coefficient and L s in silicon and graphene-coated silicon nanochannels. The wettability of different silicon planes was artificially varied for comparison purposes, but unlike previous investigations, L s , was calculated in nanochannels made of different surfaces with the same contact angle as demonstrated by experiments.
The contact angle on Si(100), Si(111) , and the graphenecoated version of these surfaces was calculated using EMD simulations of cylindrical droplet wettability. 24 Silicon and graphene-coated silicon nanochannels, having the same configuration as the wettability simulations were used for the L s calculations. The structure of graphene was stretched no more than 4% in order to create periodic structures matching the underlying silicon substrate. The confinement size was 5 nm for every nanochannel and the area was 5.76 Â 5.98 nm for Si(111) and 5.97 Â 5.97 nm for Si(100), see Fig. S1 . 25 The channels size was constrained by fixing the position of the outermost solid atomic layers. LAMMPS 26 was used to perform the simulations and VMD 27 for visualization. The SPC/E model 28 was used for modeling the water, the SHAKE 29 algorithm was used to enforce the rigidity of the SPC/E model, and the long-range Coulombic interactions were treated with the PPPM 30 algorithm with an accuracy of 1 Â 10
À6
. The nonbonded carbon-water and silicon-water interactions were modeled with truncated Lennard-Jones potentials by taking into account only the interactions with oxygen, where r CO ¼ 3:19Å; CO ¼ 0.4736 kJ/mol, and a 15 Å potential cut-off (h ¼ 64.4 ); 24 r SiO ¼ 2.635 Å and SiO was varied to induce different wettability conditions. Tersoff 31 potential was used for modeling the Si-Si interactions in a many-body fashion. The time step for the integration of the equations of motion was 1 fs for all types of simulations.
The wettability of pristine (h S ) and graphene-coated (h GS ) silicon surfaces was theoretically and numerically investigated in order to determine the macroscopic conditions, substrate contact angle h S , required to observe wettability transparency for graphene-coated silicon. The results illustrated in Fig. 1 The nanochannel hydrodynamics simulations were conducted in such a way that similar bulk water properties were achieved for every case (for more information, see the supplementary material 25 ). Because the wettability of the surfaces varied, the pressure required to reach the same bulk density changed as a function of the contact angle. 37 Hence, the number of water molecules within the 5 nm channel varied from 5776 to 5668 to cover the range from hydrophilic to hydrophobic wall conditions, respectively. The equilibrium theory proposed by Huang and Szlufarska 23 was used to calculate the friction coefficient k, and then L s ¼ g=k where g ¼ 0:729 Â 10 À3 Pa-s is the shear viscosity of SPC/E water. 38 The L s calculation originates from the viscous law correlating the shear friction force and the slip velocity through the friction coefficient k. Huang and Szlufarska 23 used linear response theory and the general Langevin equation to derive a relationship to accurately predict k from EMD simulations. Alternatively, the molecular kinetics theory (MKT) of wetting 39 poses an opportunity to deepen into the relationship between wettability and slip, although the MKT was not developed for confined liquids, it could be useful for future research. Fig. 2(a) depicts the MD calculations of L s as a function of h and the curve fit of the slip-wettability scaling laws. A non-linear least-squares algorithm was used to perform the curve fittings, where only a single parameter was determined for each scaling law. The R 2 values were 0.74 and 0.82 for the scaling laws involving 1 þ cosðhÞ and the one involving 180 À h, respectively. Two aspects can be highlighted regarding the bare silicon nanochannels results: (1) the simulation results seem to follow the trends predicted by both scaling laws; although, L s $ ð180 À hÞ À2 seems to be a better match for both, Si(111) and Si(100), nanochannels; (2) it is consistently observed that for h > 100 the slip behavior is different, being the Si(111) surface more prone to hydrodynamic slippage than the Si(100) surface. When the wettability transparency condition is examined (both silicon surfaces have a contact angle of $71 for d GS ¼ 2.0 Å , see Fig. 1 ), a significant departure from the slip-wettability scaling laws is observed in Fig. 2(a) . These results suggest that the scaling laws that use the contact angle as a quasiuniversal parameter are not robust.
In addition to the quasiuniversal scaling laws of hydrodynamic slip, Huang et al. 20 observed the relationship L s $ d 4 , which was derived from the observed dependence of d on the solid-liquid interaction parameter and the scaling performed on an equilibrium model of slip. 40 Fig
where q s ðzÞ and q l ðzÞ are the solid and liquid densities along the z-direction (height) of the nanochannel, and q b s and q b l are the bulk solid and liquid densities. d represents a measurement of the water depletion that exists due to the short-range repulsion between the solid and liquid atoms, see Fig. S3 . 25 It is clearly observed that the scaling law L s $ d 4 features a better prediction of the nature of the boundary condition (R 2 ¼ 0.97), regardless of the contact angle or the characteristics of the channel walls. Fig. 2(b) indicates that L s is different for hydrophobic silicon nanochannels (h > 100 ) because the depletion length is more prominent in Si(111) than Si(100) surfaces. 32 Additionally, the reason that the graphene-coated slip is similar to the hydrophobic Si(111) Fig.  2(b) helps to reconcile the results reported in Fig. 2(a) for the three different types of nanochannels and remark the strong correlation between L s and d.
During the derivation the slip-wettability quasiuniversal relationships, Huang et al. 20 and Sendner et al. 21 observed the scaling law 1 þ cosðhÞ $ after simplifying a mean-fieldtheory-based wettability model. This expression was fundamental in the development of the slip-wettability laws and is in fact correct, as has been previously demonstrated in Ref. 21 and by others; 24 however, this assumption is only applicable for specific situations. The robust wettability model based on the mean-field theory, reported in Ref. 32 , indicates that the contact angle depends on the and r parameters of the nonbonded solid-liquid interaction potential, the interfacial liquid structure, the planar atomic density of the solid atoms, and the underlying structure of the wetted surface, i.e., the solid structure anisotropy also plays a role in nanoscale wettability. This functional dependence is coupled and no single effect can be isolated, with the exception of at some level. Therefore, the simplification made by Huang et al. 20 to obtain 1 þ cosðhÞ $ is valid only when the rest of the aforementioned variables are lumped into a single constant; hence, the quasiuniversal prefix of these laws is justified. Additionally, the process followed to obtain a given contact angle from MD simulations is one of calibration. The process consists of fixing one of the two non-bonded solid-liquid interaction parameters and varying the other until obtaining an objective contact angle for a given solid structure. This explains why the wettability of Si(100) is different than that of Si(111) when using the same silicon-water interaction potential, 32 in addition that both planes feature different density depletion when wetted, due to the anisotropy of the silicon crystal.
The hydrodynamic slip phenomenon is one of interfacial nature. Thus, a better description of L s can be obtained when the interfacial liquid structure is considered (d). The density depletion length, d, indicates that as the equilibrium separation between the solid and liquid atoms increases, hydrodynamic slippage is prone to occur due to the reduction of the momentum transfer between solid and liquid particles. For a nonbonded interaction, the equilibrium distance between a pair of atoms scales as d eq $ r. Hence, the interfacial water depletion is directly affected while the calibration process for the calculation of the contact angle is merely adjusted. Likewise, the magnitude of r affects the energy corrugation of the solidliquid interaction potential, in combination with the structure of the wetted solid. For the particular systems under investigation, Fig. 3 depicts the attractive potential energy field generated between water and the first layers of solid atoms. It can be observed how the low atomic planar density Si(100) surface features a rough energy landscape with deep potential wells where liquid particles can be entrained. This explains the small values of d, as illustrated in Fig. 2(b) and Fig. S3 . 25 Alternatively, the Si(111) structure features a smoother energy landscape, mainly due to the larger planar atomic density and the closely packed bilayer structure of this silicon plane. Finally, the closely packed structure of graphene in combination with a large value of the r CO parameter generates a flat energy landscape, above which the water molecules are only affected by the magnitude of the interaction strength and not the granularity of the underlying solid substrate. This smooth energy surface helps to explain the higher values of L s under wettability transparency conditions and the small differences observed for Si(100) and Si(111) graphene-coated channels. As it is shown in Table S1 , 25 the silicon-water interaction strength is always greater for Si(100) than for Si(111) in order to balance the lower atomic density of the 100 plane for obtaining similar contact angles.
The wettability transparency of graphene-coated silicon surfaces was used to demonstrate the lack of generality of the hydrodynamic slip-wettability scaling laws, and the robustness of the scaling law that suggests a relationship between the interfacial liquid structure and the slip length. Because the atomistic modeling of wettability is a calibration process, the quasiuniversal relationship between the slip length and contact angle broke down when the wettability transparency phenomenon was introduced. In other words, the actual complexity of the wettability phenomenon invalidated the simple approximations used in deriving the slipwettability scaling laws. The results obtained indicate that the liquid density depletion length is a better alternative in the prediction of the hydrodynamic boundary condition in nanoconfined liquid flows.
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